Background Sorghum roots release two categories of biological nitrification inhibitors (BNIs) -hydrophilic-BNIs and hydrophobic-BNIs. Earlier research indicated that rhizosphere pH and plasma membrane (PM) H + ATPase are functionally linked with the release of hydrophilic BNIs, but the underlying mechanisms are not fully elucidated. This study is designed to reveal further insights into the regulatory mechanisms of BNIs release in root systems, using three sorghum genetic stocks. Methods Sorghum plants were grown in a hydroponic system with pH of nutrient solutions ranging from 3.0 9.0. Pharmacological agents [(fusicoccin and vanadate) and anion-channel blockers (−niflumic acid (NIF) and anthracene-9-carboxylate (A9C)] were applied to root exudate collection solutions; BNI activity was determined with luminescent Nitrosomonas europaea bioassay. Sorgoleone levels in root exudates and H + excretion from roots were determined. Two-phase partitioning system is used to isolate root plasma membrane (PM) and H + ATPase activity was determined. Results A decrease in rhizosphere pH improved the release of hydrophilic-BNIs from roots of all the three sorghum genotypes, but had no effect on the release of hydrophobic-BNIs. Hydrophobic-BNI activity and sorgoleone levels in root-DCM wash are positively correlated. Fusicoccin promoted H + extrusion and stimulated the release of hydrophilic-BNIs. Vanadate, in contrast, suppressed H + extrusion and lowered the release of hydrophilic-BNIs. Anion-channel blockers did not inhibit the release of hydrophilic BNIs, but enhanced H + -extrusion and hydrophilic-BNIs release. Conclusion Rhizosphere pH has a major influence on hydrophilic-BNIs release, but not on the release of hydrophobic-BNIs. The low rhizosphere pH stimulated PM-H + ATPase activity; H + -extrusion is closely coupled with hydrophilic-BNIs release. Anion-channel blockers stimulated H + extrusion and hydrophilic-BNIs release. Our results indicate that some unknown membrane transporters are operating the release of protonated BNIs, which may compensate for charge balance when transport of other anions is suppressed using anionchannel blockers. A new hypothesis is proposed for the release of hydrophilic-BNIs from sorghum roots.
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Introduction
Modern productive agriculture is highly concerned with the threats generated from loss of nitrogen (N) and the associated environmental pollution, leading to significant reductions in N use efficiency (NUE). These risks are linked with the fate of soil-N [i.e. from mineralization of SOM (soil organic matter)] and N-fertilizers applied to agricultural systems. Nitrate (NO 3 − ) is liable to leach out of the rhizosphere and into underground water bodies (Amberger 1989) . Furthermore, denitrification of NO 3 − produces various gaseous-N forms (N 2 O, NO, N 2 ), which reduces agronomic-NUE, and contributes to greenhouse gas emissions and global warming (Parker 1972; Meinshausen et al. 2009 ). Nitrification and denitrification in agricultural soils are largely responsible for the ineffective N use in production systems worldwide (Raun and Johnson 1999; Subbarao et al. 2015 Subbarao et al. , 2017 . Keeping soil-N in NH 4 + form for an extended period by inhibiting nitrification can improve N recovery and agronomic-NUE (Slangen and Kerkhoff 1984; Subbarao et al. 2006a Subbarao et al. , 2012 Subbarao et al. , 2015 Subbarao et al. , 2017 .
Currently, application of synthetic nitrification inhibitors is the only practical method being used to control soil nitrification in agricultural systems (Slangen and Kerkhoff 1984; Amberger 1989; Zerulla et al. 2001) . The newly emerging research areas suggest that nitrification can also be controlled by in situ production of nitrification inhibitors from plants root systems, termed as Bbiological nitrification inhibition^(BNI) (Subbarao et al. 2009 (Subbarao et al. , 2015 (Subbarao et al. , 2017 , and microorganisms in the rhizosphere (Smart and Bloom 2001; Weiske et al. 2001) . Among field crops, sorghum is reported to release a significant amount of BNIs from root systems (Alsaadawi et al. 1986; Hossain et al. 2008; Subbarao et al. 2007a Subbarao et al. , 2013 Tsehaye et al. 2014 ).
Sorghum roots release two different categories of nitrification inhibitors -one category of inhibitors is water soluble, hereafter referred as hydrophilic-BNIs. Methyl 3-(4-hydroxyphenyl) propionate (MHPP) is identified as one of the hydrophilic-BNIs released from sorghum roots (Hossain et al. 2008) . The second category of inhibitors is soluble only in acidified-DCM (Dichloromethane), obtained by washing roots with DCM, and is highly hydrophobic in nature, hereafter referred as hydrophobic-BNIs (Subbarao et al. 2013 ). Sorgoleone is a major component in the root-DCM wash and accounts for 80% of the hydrophobic-BNI activity (Czarnota et al. 2003; Subbarao et al. 2013) .
Hydrophilic-and hydrophobic-BNIs vary in their distribution in the rhizosphere; hydrophobic-BNIs are likely to remain close to the root and is strongly adsorbed to the soil particles upon release and their movement in soil is mostly via diffusion across the concentration gradient and likely tobe confined to the rhizosphere (Dayan et al. 2010; Subbarao et al. 2013) . In contrast, the hydrophilic-BNIs may move further from the point of release due to their solubility in water, which improve their capacity to control nitrifier activity beyond the rhizosphere. It is likely that hydrophobic-and hydrophilic-BNIs will have complimentary role in the control of nitrifier activity (such as differential inhibitory impact on AOB (ammonia oxidizing bacteria) and AOA (ammonia oxidizing archea) (Subbarao et al. 2013) .
Presence of NH 4 + in the rhizosphere is known for its stimulatory effect on BNIs release in sorghum roots (Hossain et al. 2008; Subbarao et al. 2007b, c) . NH 4 + uptake in plant roots is coupled with H + release and acidification of the rhizosphere (Lewis et al. 1982; Marschner 1995) . Results from our previous research suggested that NH 4 + uptake, rhizosphere acidification and plasma membrane (PM) H + ATPase activity are functionally interconnected with hydrophilic-BNIs release from sorghum roots (Zhu et al. 2012; Zeng et al. 2016) . The regulatory mechanism involved in hydrophobic-BNIs release in sorghum is largely unknown at present.
Plasma membrane H + ATPase (PM H + ATPase) is a universal electrogenic H + pump, which generates H + electrochemical gradient to provide the driving force for active transport, i.e. influx and efflux of ions and metabolites across the cell PM (Palmgren 2001) and is hypothesized to be involved in the release of hydrophilic-BNIs from sorghum roots. As BNIs are suggested to be anionic substances (Yamashita et al. 1996; Zhu et al. 2005; Subbarao et al. 2007a ), the question is whether they are released through anion channels as has been suggested earlier (Zhu et al. 2012) , requires confirmation.
During the present study, rhizosphere pH, PM H + ATPase, pharmacological agents that influence H + ATPases (either stimulate or suppress) and anionchannel blockers are investigated for their role in the release of hydrophilic-and hydrophobic-BNIs from root systems using three genetic stocks of sorghum. This is to develop further insights into the underlying mechanisms/pathways operating for the release of BNIs in sorghum root systems.
Materials and methods

Plant cultivation
To test the rhizosphere pH influence on the release of hydrophobic BNIs from sorghum roots, seedlings were raised from three genetic stocks of sorghum (Sorghum bicolor L. Moench) -'Hybridsorgo', PVK 801 and 296B using seedling-growth-box system (Fig. 1a, b ).
The cultivation solution contained 0.5 mM (NH 4 ) 2 SO 4 and 200 μM CaSO 4 with pH ranging from 3.0-9.0. Plant seedlings were grown in a growth chamber with a day: night temperature regime of 30:28°C, a photosynthetic photon flux averaging at 300 μmol m −2 s −1
and a 14: 10 h light: dark photoperiod.
Extraction of hydrophilic-BNIs from root exudation and analysis of BNI activity by bioassay
Intact plant roots were immersed in 1 L aerated collection solution for 1 h; the solution contained 1 mM NH 4 Cl and 1 mM CaCl 2 and the treatment pH of the cultivation solution and root exudate collection solutions were maintained using pH-stat systems (Subbarao et al. 2013; Zhu et al. 2012) . For determination of hydrophilic-BNI activity, the root exudates (as referred to hydrophilic-BNIs) in collection solutions were evaporated to dryness using a rotary evaporator under vacuum at 40°C, followed by . During the collection of root exudates, the pH-stat system was used to maintain the treatment pH of root exudate collection solutions extraction with 20 mL of methanol. The methanol extract of hydrophilic BNIs was further evaporated to dryness using a rotary evaporator at 40°C and the residue was extracted with 200 μL of DMSO. 1 μL of this aliquot was used for the determination of hydrophilic-BNI activity using the bioassay and expressed in ATU (Subbarao et al. 2006b ).
Extraction of hydrophobic BNIs from root exudation and analysis of sorgoleone Hydrophobic BNI-activity was collected from sorghum roots as described earlier (Subbarao et al. 2013) . In brief, roots were excised from seedlings and dipped into acidified-DCM (1% v/v of acetic/DCM) for 1 min. The root-DCM wash was then filtered and evaporated to dryness using a rotary evaporator at 35°C (Buchi, V-850, Flawil, Switzerland); the residue was reextracted with 10 mL methanol and evaporated to dryness again. The residue was transferred to Eppendorf tube after filtering through 0.20 μm syringe membrane filter; the filtrate was evaporated to dryness using a centrifugal evaporator at 35°C. Residues were dissolved in 500 μL acetonitrile and filtered again through 0.20 μm syringe membrane filter to remove any insoluble compound. An aliquot (10 μL in acetonitrile) from the sample was injected into HPLC with isocratic flow (2 mL min −1 ) of the eluent (55% acetonitrile and 45% of 0.5% formic acid) and sorgoleone was detected at 280 nm.
Determination of hydrophobic-BNI activity in root exudates using recombinant luminescent bioassay A sub-sample of the acetonitrile-soluble fraction prepared for sorgoleone analysis was taken and evaporated to dryness by the centrifugal evaporator (Buchi, V-850, Flawil, Switzerland) at 35°C. The residue was then dissolved in dimethyl sulfoxide (DMSO) and 1 μL of this aliquot was used for the determination of hydrophobic BNI activity using the bioassay described earlier (Iizumi et al. 1998; Subbarao et al. 2006b ). BNI activity is expressed in unit defined in terms of the action of a standard inhibitor, allylthiourea (AT), where the inhibitory effect of 0.22 μM AT in an assay containing 18.9 mM of NH 4 + is defined as one AT unit (ATU) of activity (Subbarao et al. 2006b ).
PM isolation and H + -ATPase activity analysis
After collection of root exudates, the plant roots were used for plasma membrane (PM) isolation according to Yan et al. (2002) . Roots were cut and washed with deionized water and ground in ice-cold homogenization buffer. The homogenate was filtered through two layers of Miracloth (Calbiochem-Novabiochem, San Diego, USA) and centrifuged in a fixed rotor at 11,700 g (RP42A rotor, 94 mL × 6, HITACHI Koki; Himac CP100WX Hitachi Ultra Centrifuge) and 0°C for 10 min. The supernatants were centrifuged at 106,000 g for 35 min. The microsomal pellets were resuspended and fractionated by two-phase partitioning in aqueous dextran T-500 (Sigma) and polyethylene glycol (Sigma) according to the method of Larsson (1985) . The upper phases obtained after four times of separations were diluted and centrifuged at 188,000 g (RP42A rotor, 94 mL × 6) for 40 min. The pellets were re-suspended and immediately stored in liquid nitrogen.
PM H + ATPase activity was determined by measuring the Pi amount after 30 min hydrolysis reaction (Baginski et al. 1967; Yan et al. 2002) . ATPase activity was calculated as the phosphate liberated in excess of a boiled-membrane control.
Treatment of different pharmacological agents on plant roots during root exudate collection
The plants were cultivated in nutrient solution as described before (Zhu et al. 2012) . Intact plant roots were immersed for 1 h in 1 L aerated collection solutions containing 1 mM NH 4 Cl and 1 mM CaCl 2 and amended with various pharmacological agents.
To test the effect of PM H + ATPase on the release of BNIs, two pharmacological agents were applied to the collection solutions to either stimulate or inhibit the activity of PM H + ATPase in situ. Fusicoccin, a known stimulator of PM H + ATPase phosphorylation and release of H + (de Boer and de Vries-van Leeuwen 2012), was applied to root exudate collection solution at 1 μM. Vanadate (Na 3 VO 4 ), a known inhibitor of PM H + ATPase (vanadate inhibits phosphorylation of PM H + ATPase, which in turn blocks H + excretion) (Palmgren 2001) , was applied to root exudate solutions at 0.5 mM. Root exudates were collected, processed and BNI activity was determined as described earlier.
To understand anion-channels role in hydrophilicBNIs release, two anion-channel blockers [Niflumic acid and anthracene-9-carboxylate, known for their inhibitory effect on trans-membrane transport of anions, such as Cl − , SO 4 2− , citrate, malate etc. (Test 1990 , Tyerman 1992 , Schwartz et al. 1995 ] were applied to root exudate collection solutions -niflumic acid (NIF) at 200 μM and 400 μM; whereas, anthracene-9-carboxylate (A9C) at 200 μM and 300 μM. Root exudates were collected using collection solutions (pH maintained at 6.0 by pH-stat systems) amended with anion-channel blockers mentioned above.
About one-tenth root exudates collection solution (100 ml) was titrated to pH 7.0 against 10 mM NaOH with a pH meter electrode inside the solution. NaOH amount was recorded to calculate the H + extrusion rate (Zhu et al. 2005) . Collection solution without root exudation was titrated as blank.
Statistical analysis
All experiments were repeated three times. Data from experiments were pooled for calculations of means and ± SE and analyzed by one-way ANOVA followed by the LSD test at P ≤ 0.05 to determine the statistical significance of the differences between individual treatments, indicated by letters above bars.
Results
Rhizosphere pH effects on the release of hydrophobic-BNI activity and sorgoleone from sorghum roots Changes in rhizosphere pH (from 3.0 to 9.0) did not have much impact on the release of hydrophobic-BNIs and sorgoleone in root systems of 'Hybridsorgo' and 296B; in PVK 801, there is a marginal increase in sorgoleone release and hydrophobic-BNIs from root systems (Figs. 2a, b amd 3a, b) . The hydrophobic-BNI activity and sorgoleone release in PVK 801 were significantly higher than 296B in all rhizosphere-pH treatments (Figs. 2b and 3b) . A linear relationship was observed between sorgoleone levels in the root-DCM wash and hydrophobic-BNI activity (Fig. 4) , reinforcing the functional relationship between hydrophobic-BNI activity and sorgoleone levels in sorghum (Fig. 4) .
Rhizosphere pH influence on the release of hydrophilic-BNIs and PM H + ATPase activity in sorghum root systems Rhizosphere pH (ranging from 3.0 to 9.0) has a significant negative effect on the release of hydrophilicBNIs from sorghum root systems (Fig. 5a, b) ; all the 3 Fig. 2 Rhizosphere pH influence on sorgoleone release from sorghum roots; plants are grown using the seedling-growth-box system. Sorghum plants are raised at nutrient solution pH of 3.0, 5.0, 7.0 and 9.0. (a) 'Hybridsorgo'; (b) PVK 801 and 296B. Bars represent means of 3 replicates ± SE sorghum genetic stocks used in this study showed a similar response, i.e. release of hydrophilic-BNIs was negatively impacted by an increase in rhizosphere pH. There were significant genotypic differences in hydrophilic-BNIs release; 'Hybridsorgo' consistently had higher BNI release (nearly 2-fold higher) across pH range (i.e. from 3.0 to 9.0) compared to PVK 801 and 296B (Fig. 5a, b) . Thus, sensitivity of hydrophilicBNIs release to higher rhizosphere pH depends on genotype; 'Hybridsorgo' appears to be less sensitive to higher rhizosphere pH (about 35% decline in hydrophilic-BNIs release at pH 9.0 compared to pH 3.0) compared to PVK 801 and 296B (about 65% decline in hydrophilic-BNIs release at pH 9.0 compared to pH 3.0) (Fig. 5a, b) . Similarly, the PM H + -ATPase activity levels declined with increasing rhizosphere pH (from 3.0 to 6.0) (Fig. 6a, b) . For 'Hybridsorgo', PM H + -ATPase activity levels declined to 75% at rhizosphere pH of 9.0 compared to 3.0; for PVK801 and 296B, there was only a 50% decline when rhizosphere pH increased from 3.0 to 9.0 (Fig. 6a, b ). In general, PM H + -ATPase activity levels in 'Hybridsorgo' were significantly higher at all rhizosphere pH treatments compared to PVK 801 and 296B.
Statistical analysis indicates no relationship between PM H + ATPase and hydrophobic-BNI release in sorghum root systems (Fig. 7a) . However, the release of hydrophilic-BNIs is positively linked with PM H + -ATPase activity levels in sorghum roots (Fig. 7b) . Influence of pharmacological agents on root exudation of H + and hydrophilic-BNIs from sorghum roots Fusicoccin, a H + ATPase stimulator, enhanced H + extrusion (nearly 4-times higher) and BNIs activity release (about 30% increase) in 'Hybridsorgo' roots compared to control (Fig. 8a, b ). Vanadate, which suppresses H + ATPase activity, significantly inhibited the release of H + and hydrophilic-BNIs from 'Hybridsorgo' roots (Fig. 8a,  c) . PVK 801 and 296B responded in a similar manner to the presence of fusicoccin and vanadate in root exudate collection solutions (3B,3D).
Anion-channel blockers, NIF and A9C significantly stimulated H + extrusion and release of hydrophilic-BNIs in all three sorghum genetic stocks (Fig. 9a, b, c, d ). NIF 200 μM and 400 μM showed no difference in H + extrusion rate and release of hydrophilic-BNIs in 'Hybridsorgo' (9A,9C). However, A9C resulted in a higher rate of H + extrusion at 300 μM compared to 200 μM (Fig. 9a ), but no difference in hydrophilicBNIs release in 'Hybridsorgo' (Fig. 9c) . For PVK 801 and 296B, anion-channel blockers have stimulated both H + -extrusion and hydrophilic-BNIs release, akin to 'Hybridsorgo' (Fig. 9b, d ). H + -extrusion rate and hydrophilic-BNIs release were linearly correlated in all the 3 sorghum genotypes (Fig. 10) .
Discussion
Sorghum roots release two categories of nitrification inhibitors from roots, i.e. hydrophilic BNIs and hydrophobic BNIs (Subbarao et al. 2013 ). Previous research indicated that hydrophilic BNIs release from 'Hybridsorgo' is linked to PM-H + ATPase caused by ammonium uptake (Zhu et al. 2012) , and ammonium assimilation in root cells (Zeng et al. 2016) . In the present study, we further establish that rhizosphere pH has a regulatory role in the release of hydrophilic-BNIs (pH ranges tested from 3.0 to 9.0), based on three sorghum genotypes tested (Fig. 5a, b) . In addition, the functional link between PM H + ATPase activity and Fig. 7 Relationship between PM H + ATPase activity and hydrophobic BNI activity (a) and PM H + ATPase activity and hydrophilic BNI activity in root systems of 3 sorghum genetic stocks -'Hybridsorgo', PVK801 and 296B Fig. 8 Influence of fusicoccin and vanadate in root exudate collection solutions on H + exudation rate and hydrophilic-BNIs release in roots of 'Hybridsorgo' (a and c) and PVK 801 and 296 B (b and d). Bars represent means of 3 replicates ± SE. Letters above the bars indicate the significant difference between treatments (P ≤ 0.05) hydrophilic-BNIs release has been demonstrated further, using root systems of three sorghum genotypes (Fig. 6a, b and 7a, b) .
These results suggest that rhizosphere acidification caused by ammonium uptake could trigger PM H + ATPase activity which in turn stimulated hydrophilic- Fig. 9 Influence of anion-channel blockers (in root exudate collection solutions) on H + exudation rate and hydrophilic-BNIs release in sorghum roots; 'Hybridsorgo' (a and c); PVK 801 and 296 B (b and d). Bars represent means of 3 replicates ± SE. Letters above the bars indicate the significant difference between treatments (P ≤ 0.05) Fig. 10 Relationship between H + extrusion rate and hydrophilic-BNIs release from roots of sorghum genetic stocks -'Hybridsorgo', PVK 801 and 296 B BNIs release (Zhu et al. 2012) . Apart from ammonium uptake, its assimilation in the root cells is also critical to trigger H + pumps running to sustain the accelerated release of hydrophilic-BNIs (i.e., ammonium assimilation produces H + in the cytoplasm of root cells; to keep the pH constant in cytoplasm, PM H + ATPase activity is activated to pump H + outside root cells, which in turn facilitates hydrophilic-BNIs release) (Zeng et al. 2016) .
Presence of ammonium in rhizosphere thus stimulates BNIs release, thereby protecting ammonium from nitrifiers, which turn facilitates ammonium uptake and assimilation; the interplay among various processes associated with ammonium uptake, assimilation, operation of H + -pumps (in PM) determines the release of hydrophilic-BNIs from roots and acts as a feedback mechanism between ammonium uptake and BNI release. The high-BNI release capacity in plant root systems can thus lead to higher acidification of rhizosphere, lowers nitrifier activity, and trigger BNIs release that lead to suppression of nitrifier activity, which further improves ammonium availability in the rhizosphere, thus, facilitates its uptake and assimilationacting as a feedback loop and is part of ecological adaptation to low-N production environments and evolution of BNI function as an adaptive trait.
The ) were inhibited by anion-channel blockers, the charge balance across the plasma membranes can be disrupted from the decrease in anion release, and this can trigger release of protonated BNIs to maintain charge balance in the cytoplasm of root cells; this can also bring H + from outside into root cells together inhibited H + extrusion and hydrophilic-BNIs release in 'Hybridsorgo', PVK801 and 296B (Fig. 8) , conforming earlier reports (Zhu et al. 2012) .
Unlike hydrophilic-BNIs release, hydrophobic-BNIs release appears to be largely unaffected by rhizosphere pH in all the 3 sorghum genetic stocks (Fig. 3) . These findings are in support of our earlier observations that suggest hydrophobic BNIs being stable under a range of pH (pH from 3 to 9) and continue their inhibiting activity (Subbarao et al. 2013 ). Also, a nonlinear relationship between the PM-H + ATPase activity and hydrophobic-BNI activity was detected for 'Hybridsorgo', PVK 801 and 296B (Fig. 7a) , suggesting that the release of hydrophobic-BNIs is independent of PM H + ATPase activity. These results suggested that the mechanisms operating for hydrophobic-BNIs release are likely to be different from hydrophilic-BNIs release in sorghum roots and require further research.
We have earlier proposed hydrophilic BNIs to be anionic substances, and are likely to be released through anion-channels (Subbarao et al. 2006b; Zhu et al. 2012) . However, the two commonly used anion-channel blockers did not inhibit the release of hydrophilic-BNIs from roots of all the three sorghum genotypes (Fig. 9) . The observed linear relationship between H + extrusion and hydrophilic-BNIs release provided a direct evidence for the existence of a strong connection between H + and BNIs release in sorghum roots (Fig. 10) . Since the anionchannel blockers did not inhibit plasma membrane H + ATPase (data not shown), which is also reported by other researchers (Zhu et al. 2005) , we hypothesize that a part of these H + might be released with hydrophilic-BNIs (i.e. protonated BNIs?) together through an unknown BNI channels. Hydrophilic-BNIs seem to carry more negative charges, which can be protonated in cytoplasm. When the release of anions (i.e., Cl − , SO 4 2− ) were inhibited by anion-channel blockers, the charge balance across the plasma membranes can be disturbed by a decrease in anion release, thus, triggering the release of protonated BNIs to keep the charge balance, and to release H + into the rhizosphere. Hence, a new hypothesis is proposed for the transport of hydrophilic-BNIs from root systems of sorghum (Fig. 11 ).
Conclusion and potential implications
We conclude that PM H + ATPase plays a major role in the regulation of hydrophilic BNIs release from sorghum roots. However, the release of hydrophobicBNIs from sorghum roots is not influenced by the rhizosphere pH, suggesting that hydrophobic-BNIs release may follow other transport processes. Hydrophilic-BNIs are transported through some unknown anion-channels, which are voltage dependent on the activity of PM H + ATPase, and might be also transporting protonated BNIs. Further research is needed to establish this hypothesis (Fig. 11) .
Sorgoleone release from root systems contributes to about 50% of the BNI potential in sorghum roots (Subbarao et al. 2013) . The pH insensitivity for sorgoleone release will have implications for BNI-trait expression in soil types with low buffering capacity. Genetic improvements in sorgoleone release can thus result in future sorghum varieties with high-BNI capacity in root systems where the trait is expressed in a range of soil-types with varying pH, thus can have wider adaptation to low-N production environments with improvements in agronomic-NUE.
